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There has been strong interest in long wavelength infrared photodetectors utilizing intersubband transitions of quantum dots ͑QDs͒. [1] [2] [3] [4] This is because they have shown potential to operate at higher temperatures than cryogenic photodetectors. A self-assembled technique using the Stranski-Krastanow growth mode [5] [6] [7] has proven to be an excellent QD fabrication technique. However, the sizes of self-assembled QDs are randomly distributed and, consequently, their energy states are also randomly distributed. The spectral responses of quantum dot infrared photodetectors ͑QDIPs͒ are strongly affected by the inhomogeneity of self-assembled QDs. In this study, we introduce a method to measure the distribution of electron states of QDs and, further, explain the photocurrent ͑PC͒ spectrum with the distribution of extracted activation energies from the temperature dependent dark currents.
Both an epitaxial layer and self-assembled InAs QDs for QDIP were grown on a semi-insulating GaAs substrate along the direction of ͑100͒ using a RIBER 32P molecular beam epitaxy system. The structure of QDIP is n -i -n to diminish the complexity of analysis. The absorption region of a QDIP consists of five periods of InAs/GaAs quantum dots and a 40 nm barrier. A 3-nm-thick GaAs layer doped with 5 ϫ10 17 cm Ϫ3 silicon lies 6 nm below the QDs to enhance the responsivity of QDIPs. The diameter of mesa is 450 m. The mesa was fabricated by a standard photolithography technique with a wet etching technique. We used a AuGe/Ni/Au alloy to form an ohmic contact for electrodes.
The temperature dependence of dark current is measured by a HP4145B semiconductor parameter analyzer with a cryogenic chamber equipped with a temperature controlling system with a temperature range from 13.5 to 300 K. We obtain an Arrhenius plot by choosing several points of dark current at the same bias voltage and various temperatures. An Arrhenius plot is represented in Fig. 1 for a bias voltage of 0.02 V. The saturation of the dark current above 100 K is due to the low finite concentration of dots occupied by electrons at the applied bias at the lowest temperature. The bias voltage of 0.02 V is at least 2.3 times larger than kT/q at temperatures lower than 100 K. Therefore, we can simplify the dark current equation by removing the bias dependence I dark ϭI 0 •e ϪE a /kT . 8, 9 Here, E a is the bound-to-continuum transition energy of QDs, and I 0 is a constant. We assume that QDs have at least one bound state and transitions occur between bound to continuum. Ohmic contact is perfectly formed and the barrier effects are ignored. In addition, we could ignore variation of dark current due to the change of intrinsic carrier density in bulk GaAs by temperature variation. Previous literature 10 provides the intrinsic carrier density of GaAs as about 10 7 cm Ϫ3 at 300 K. This is much smaller than the carrier density from QDs, which is above 10 10 cm Ϫ3 ; this is caused by the single quantum state in each QD. The doping effect around the QD layers is also ignored, which might induce a tiny distortion of energy levels in QDs. The mobility variations in the range of temperature from 10 to 100 K are ignored. The electron mobility has a range of 10 5 -4ϫ10 5 cm Ϫ3 /V s. 10 The variations are negligible in Arrhenius plots.
Thermally emitted electron density from QDs, which is regarded as an electron source, is represented by n
•e
ϪE a /kT . Here, n is the electron density in the ground states of the QDs and E a is the activation energy. APPLIED PHYSICS LETTERS VOLUME 82, NUMBER 7 sents the number of QDs with the same transition energy. Therefore, one can write the dark current as the following equation:
Here, T is temperature, k is the Boltzmann constant, E x (x ϭ1,2,3,4,5,6,...) is the bound-to-continuum transition energy of an individual QD, and AЈ is a constant. The large number of QDs allows us to replace the summation by an integral with the density function of D(E a ). Here, N E a represents the number of QDs that have a transition energy of E a . We can then write the dark current as follows:
One must also determine the distributed function of D(E a ). The photoluminescence of QDs at 10 K is shown in Fig. 3 and this figure demonstrates the Gaussian distribution of QD size. Therefore, we can write Eq. ͑2͒ as the following expression:
͑3͒
Here, E 0 is the average energy of the Gaussian distribution and aϫ1.177 is the full width at half maximum ͑FWHM͒ of the distribution. Using Eq. ͑3͒ in the Arrhenius plot, we can determine the variables of E 0 , a, and AЈ uniquely. The functional fitting was performed only at an unsaturated region. The determined value of E 0 was 160 meV and the FWHM of Gaussian was 60 meV. This can be interpreted as a 12.3% size fluctuation of ϳ114 Å quantum dot.
11-14
We compare the two kinds of Arrhenius plots as shown in Fig. 1 . The fitted curve with the modified Arrhenius equation agrees with the experimental result very well. However, the conventional fitting accounts only for the linear region of the Arrhenius plot, as shown in the inset of Fig. 1 . This letter shows the importance of the variable of QD size, which takes into account not only the dark current but also meaningful explanations of PC spectra of a QDIP. Figure 4 shows the measured PC spectra compensated with transfer efficiency and fitted for our measuring systems. We applied a bias voltage of 0.2 V during the measurement as low as possible to escape the quantum-confined stark effect. We can use the fitting parameters obtained earlier for dark current data (E 0 ϭ160 meV, FWHMϭ60 meV͒ for estimating the expected PC spectrum, as shown in Fig. 4 ͑dotted line͒. We observe a nice agreement between this Gaussian and the main part of the measured PC spectrum ͑continuous line in Fig. 4͒ . On the contrary, it is clear that the value of E 0 obtained from the linear fit of the dark current data ͑65 meV͒ is well far from the experimental value ͑around 160 meV͒. Therefore, it is concluded that the distribution of QDs should be considered to estimate the intersubband transition energy accurately.
In summary, the size distribution of QD in QDIP was studied with the temperature dependent dark current and photocurrent spectra. The Arrhenius equation incorporated with activation energy distribution due to QD size variations allows excellent fitting of temperature dependent dark currents. Also it is found that the average activation energy coincides with the peak energy of PC spectra. This agreement is very difficult to achieve with the conventional Arrhenius equation.
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